1962.-Under conditions where growth factors were not limiting, 3'-methyl-4-monoaminoazobenzene, a rat hepatocarcinogen, inhibited growth of six Neurospora strains studied. The strains could be divided into three groups with regard to sensitivity. A wild-type and a leucine-requiring mutant were the most resistant, and the riboflavine-deficient strain, 51602, showed greatest susceptibility. Results suggested a possible correlation between the inhibition of strain 51602 and the ability of the mutant to synthesize riboflavine from its precursors. Inhibition was not dependent on the utilization of externally supplied riboflavine. The azo dye inhibition of all strains resulted primarily in a prolonged lag phase, although growth rates were affected to some degree. Spore germination did not appear to be retarded. A dose-response curve was developed to measure quantitatively the growth inhibition by azo dyes; it was based on the time required for inhibited and control cultures to reach identical growth weights.
I. Relative resistance of Neurospora strains to azo dye inhibition. J. Bacteriol. 84:242-249. 1962 .-Under conditions where growth factors were not limiting, 3'-methyl-4-monoaminoazobenzene, a rat hepatocarcinogen, inhibited growth of six Neurospora strains studied. The strains could be divided into three groups with regard to sensitivity. A wild-type and a leucine-requiring mutant were the most resistant, and the riboflavine-deficient strain, 51602, showed greatest susceptibility. Results suggested a possible correlation between the inhibition of strain 51602 and the ability of the mutant to synthesize riboflavine from its precursors. Inhibition was not dependent on the utilization of externally supplied riboflavine. The azo dye inhibition of all strains resulted primarily in a prolonged lag phase, although growth rates were affected to some degree. Spore germination did not appear to be retarded. A dose-response curve was developed to measure quantitatively the growth inhibition by azo dyes; it was based on the time required for inhibited and control cultures to reach identical growth weights.
Many enzyme systems of mammalian cells have been shown to be affected by azo dyes (reviewed by Chang, 1960) , but in some cases the noncarcinogens showed as great an effect as the carcinogens (e.g., Kielley, 1957) . It is not known which, if any, of these affected systems are responsible for the growth modification resulting in the carcinogenic process. An effect of a compound on an enzyme system or metabolic pathway does not necessarily explain growth changes. Alternate pathways may become available to the cell, or the blocked system may not directly affect growth.
Microorganisms have rarely been employed in studying the effects of azo dyes. The fact tha.t riboflavine-deficient rats had a higher incidence of liver tumors when fed an azo dye carcinogen than rats on a riboflavine-rich diet containing azo dye prompted Miller, Kingsley, and Miller (1947) to test the effect of the carcinogen on a riboflavine-requiring bacteruim, Lactobacillus casei, and on a yeast growing anaerobically. The growth inhibition caused by the carcinogen was reportedly overcome by added riboflavine. Salzberg (1953) and Thayer, Mahoney, and Kensler (1956) reported the same responses, using a riboflavinerequiring mutant of Neurospora crassa 51602. Growth of resistant mutants of 51602 was stimulated by azo dyes (Salzberg, 1953; Thayer et al., 1960) . All of the above reports were preliminary, and experimental detail was lacking. However, these studies suggested that Neurospora mutants might provide a model system for studying the mode of action of azo dyes and provide clues to those vital aspects of metabolism which are affected by the carcinogens and which in turn are responsible for the altered growth responses. N. crassa is particularly suitable for study of the action of growth-modifying compounds because it grows on simple synthetic media, its metabolism has been extensively investigated (Cochrane, 1958) , and a large selection of nutritionally deficient mutant strains is available. The relatively long growth period, days as compared to hours for most bacteria, appears advantageous since the precise growth phases affected can be more easily ascertained.
The growth effects produced by azo dyes on Neurospora strains and the environmental factors which either enhance or reverse the azo dye-induced response have been investigated. In the present paper, six Neurospora strains, including 242 two riboflavine-deficient mutants, have been compared with regard to normal growth characteristics and relative resistance to inhibition by 3'methyl-4-monomethylaminoazobenzene (MeMAB). Inhibition was not restricted to riboflavine-deficient strains, and inhibition of the riboflavine-deficient strains occurred in media containing optimal vitamin concentrations. A seventh strain, the 24B azo-utilizing riboflavinedeficient mutant of Salzberg (1955) , also has been studied and will be reported separately, together with data concerning riboflavine reversal of azo dye inhibition.
MATERIALS AND METHODS
N. crassa strains. The following strains were originally obtained from the collection at Stanford University: the St. Lawrence wild type (STA); H-193-1-2 (paba), a mutant deficient in synthesis of p-aminobenzoic acid; 4731-3 (leue-), a leucine-requiring mutant; and two riboflavinerequiring strains, Y30539-3-47 and the albino 51602-1-(7-6). In addition, a modified wild type (wt-) reported by Salzberg and Harmon (1960) was included. Stock cultures were maintained on silica gel at refrigerator temperature or as frozen cultures on agar to reduce the possibility of genetic change.
Growth studies and culture media. Inoculum for growth studies consisted of spore suspensions prepared from freshly grown 4-or 5-day-old agarslant cultures on glycerol-complete medium (Tatum et al., 1950) . The conidia were diluted in deionized water to the optical density of a no. 1 McFarland tube (Kabat, Mayer, and Heidelberger, 1948) . In growth experiments, 125-ml Erlenmeyer flasks containing 20 ml of Medium N (Vogel, unpublished data) were inoculated with 0.05 ml of spore suspension. Duplicate flasks were removed for growth determinations after appropriate intervals of static incubation in the dark either at 31 C or at 25 C. The mats were collected on a Bulchner funnel and dried in an oven to constant weight. The spent medium of the duplicates was pooled, and pH determinations were made with a glass electrode.
The basal Medium N contained the following components (per liter of solution): Na citrate, 2.5 g; KH2PO4, 5.0 g; NH4NO3, 2.0 g; MgSO4 7H20, 0.2 g; CaCl2 2H20, 0.1 g; biotin, 5 mg; sucrose, 20 g; and trace elements. All supplements were added to the basal medium prior to autoclaving for 10 min at 121 C. The pH of the medium was always checked after autoclaving and found to be 5.7 to 5.8.
Azo dye. The azo dye carcinogen employed in this study was the relatively soluble MeMAB which was made up as a stock solution of 2 mg/ml in ethanol and stored in sealed containers.
Quantitation of growth inhibition. Growth curves obtained in the presence and absence of azo dye were analyzed for quantitative relationships. Satisfactory azo dye dose-response curves could not be constructed by determining percentage inhibition by the usual method of comparing mat weights at one specific time interval (see Results). Complete growth curves were helpful, but for comparative purposes a numerical value which would accurately measure growth inhibition or enhancement based on some property common to all strains was desirable. Neither the time of the lag period nor the growth rate was an acceptable criterion for inhibition. Some inhibited cultures exhibited a prolonged lag phase only, while others showed a decreased growth rate either with or without a prolonged lag. Total growth capacity also failed as a quantitative measure, since many inhibited cultures eventually reached the same maximal value as the controls. Quantitation was achieved by comparing the time required for growth of the inhibited culture to equal the half-maximal growth of the control culture.
RESULTS
Normal growth characteristics. To provide a base line for further work, the optimal nutritional requirements and the growth characteristics of the several strains were studied under the proposed experimental conditions. The growth characteristics (Table 1) were obtained from complete growth curves. The monophasic growth curves of the wild type (Fig. 1A) were typical of all strains except the riboflavine-requiring strain, 51602. The biphasic response of the latter strain is shown in Fig. 2A (Table 2) were plotted against azo dye concentration (Fig. 3) , a linear response was obtained. The relative susceptibility of the strains to azo dye inhibition of growth could be inferred from the lateral position of the dose-response curves, the strain to the left (Fig. 3) being the most susceptible. The azo dye concentration required to delay the time of half-maximal growth by the arbitrary period of 1 day was read from the graph and found to vary from 53 to 112 ,ug/20 ml (Table 3) , depending upon the sensitivity of the respective strain.
The greatest amount of azo dye which gave no measurable inhibition, i.e., the threshold value, varied from 39 to 62 ,ug/20 ml (Fig. 3) Comparison between T50 and weight-comparison dosage-response curves. It was first thought that the weight-comparison method might suffice for estimating inhibition. Since mat weight comparisons at 3 or 4 days are often employed in Neurospora-inhibition studies, a discussion of these results seems pertinent. Mat weights, read directly from the already constructed growth curves at the time when control growth was halfmaximal, are shown in Table 2 . The non-linearity of the 51602 curves after this time ( Fig. 2A) , and the rapid autolysis of cultures after achievement of maximal growth, made later sampling times undesirable. Dose-response curves were constructed for each organism by plotting inhibitor concentra- tion against the corresponding percentage inhibition on a probit scale (Keuffel & Esser probability paper 358-23). The ED5o, the amount of dye allowing 50% growth inhibition, was estimated directly from the graph and entered in Table 3 . The relative susceptibility of the strains to azo dye inhibition agreed with the spectra obtained by the T50 method described above. The weightcomparison method, however, could not be relied upon for this purpose. The dosages employed did not provide more than two points within the optimal experimental range (20 to 80 % inhibition) in which the points contribute the greatest weight to the shape of the probit curve. This situation could not be remedied, since the concentrations tested were necessarily restricted to those allowing growth in the selected time interval and since differences in mat weights between closely spaced doses were not statistically significant. Furthermore, the inhibition picture obtained by the weight-comparison method was sometimes either incomplete or misleading. For example, a culture which, at the time of sampling, was inhibited 100% by a specific inhibitor concentration might later initiate growth and eventually achieve the same weight as the control (Fig. 2A) .
Effect of MeMAB on the pH of growing cultures. The basal medium employed in this study contained ammonium nitrate as the sole nitrogen source. Nitrate utilization by N. crassa does not begin until virtually all the ammonium ion has disappeared from the medium (Strauss, 1951) . The preferential utilization of ammonium ion is accompanied by a pH drop, whereas nitrate utilization causes a rise in pH, a common occurrence among the fungi (Cochrane, 1958) . The pH curves of our Neurospora strains followed this pattern. When the cultures began the constantgrowth phase, the pH decreased and generally reached its lowest value when growth was equal to that of the control at half-maximum (Fig. 1B  and 2B ). In the presence of the higher concentra- that of the control culture. These findings may reflect an effect of azo dye on nitrogen metabolism, although other possibilities must be considered. Thayer et al. (1960) reported that the nitrogen source influenced the amount of carcinogen needed to give maximal growth of a strain with an apparent growth requirement for 2-acetylaminofluorene.
Temperature effects. Since 51602 strains are temperature-sensitive (Mitchell and Houlahan, 1946) and grow below 28 C in the absence of riboflavine, the effect of temperature on azo dye inhibition became of interest. Inhibition measurements were made at 25 C. As measured by the T50, inhibition of the paba-mutant remained the same at 25 C as at 30 C. Inhibition of the other strains, except 51602, was increased at the lower and less optimal temperature, suggesting a possible correlation between optimal growth conditions and decreased sensitivity to azo dye inhibition. tions of azo dye, above 75 ,g/20 ml, though the total growth capacity was not necessarily impaired, the pH never dropped to as low a value as that of the control culture. In some cases, the subsequent rise in pH proceeded more slowly than Comparison of the growth curves of 51602 in complete medium at 25 C (Fig. 4) and at 30 C (Fig. 2) revealed a diminished effect of MeMAB on growth at the lower temperature. The T50 plot obtained at 25 C approximated that of the moderately sensitive strains, 30539, pabc-, and wt-, at 30 C (Fig. 3) . The amount of riboflavine required to give optimal growth at 25 C (1 to 2 ,ug/20 ml) was less than at 30 C. In the presence of a constant amount of MeMAB, riboflavine in excess of 2 ,g/20 ml did not change the position of the growth curves obtained with optimal Bt. At 25 C, 51602 grew rapidly in the absence of riboflavine after the second day, and azo dye retarded growth in minimal medium to about the same extent as on complete medium. The start of the constant-growth phase was hastened by riboflavine and retarded by azo dye. In contrast to results at 30 C (Fig. 2B) , the pH curves at 25 C (Fig. 4B) The carcinogen retarded rather than reduced growth of the Neurospora strains tested. A decrease in total growth capacity was occasionally but not regularly observed in the presence of the higher inhibitor concentrations. Although the inhibitory activity was most marked early in the growth cycle, spore germination did not appear to be affected. Azo dye-inhibited cultures on solid agar medium were examined microscopically during the period of the prolonged lag phase. The majority of the spores had germinated. It was further noted that cultures in liquid azo media often grew to a limited extent (1 to 2 mg) and remained at this level for 12 to 18 hr before entering the phase of constant growth. The growth rate of an azo-inhibited culture was usually slightly lower than that of a control culture. WVhether the decrease in growth rate signifies a larger percentage of germinated spores incapable of initiating growth, or an entire population of spores growing at a slower rate subsequent to germination, remains to be determined.
The use of the T50 method in establishing quantitatively the relative susceptibilities of Neurospora strains to an azo dye inhibitor has been illustrated. Experiments have been initiated to clarify the differences in the relative position and slope of T50 dose-response curves. Inherent strain characteristics, such as permeability, the capacity of a strain to modify or destroy the dye, and the ability of a strain to adjust to alternate metabolic pathways, may render some organisms more or less susceptible to inhibition by azo dye.
